The aim of this study was to develop a finite element (FE) model of bilateral human semicircular canals (SCCs) in order to simulate and analyze the complex fluid-structural interaction between the endolymph and cupulae by calculating the degree of cupular expansion and the cupular deflection. The results showed that cupular deflection responses were consistent with Ewald's Ⅱ law, whereas each pair of bilateral cupulae simultaneously expanded or compressed to the same degree. In addition, both the degree of cupular expansion and cupular deflection can be expressed as the solution of forced oscillation during head sinusoidal rotation, and the amplitude of cupular expansion was approximately two times greater than that of cupular deflection. Regarding the amplitude-frequency and phase-frequency characteristics, the amplitude ratios among the horizontal semicircular canal (HC) cupular expansion, the anterior semicircular canal (AC) cupular expansion, and the posterior semicircular canal (PC) cupular expansion was constant at 1:0.82:1.62, and the phase differences among them were constant at 0 or 180 degrees at the frequencies of 0.5 to 6 Hz. However, both the amplitude ratio and the phase differencies of the cupular deflection incresed nonlinearly with the increase of frequency and tended to be constant at the frequency band between 2 and 6 Hz. The results indicate that the responses of cupular expansion might only be related to the mass and rigidity of three cupulae and the endolymph, but the responses of cupular deflection are related to the mass, rigidity, or damping of them, and these physical properties would be affected by vestibular dysfunction.
Introduction
The peripheral vestibular system is part of the inner ear, including three pairs of semicircular canals (SCCs) together with the utricle and saccule. It plays a primary role in the maintenance of both postural stability and stabilization of the visual image on the retina. The mechanism underlying the vestibular system function is generally considered a three-dimensional inertial-guidance system, in which the SCCs are known to detect any rotational motion of the head, while the utricle and saccule perceive linear acceleration and gravity. Three pairs of SCCs are approximately symmetrical to each other along the central sagittal plane, with three ipsilateral SCCs mutually orthogonal to each other. The sensory epithelium resides in the ampulla of the membranous SCCs, which are a toroidal loop of the endolymph and eventually assemble in the utricle. When the head undergoes rotation, the inertia simultaneously forces endolymphatic flow and cupular deformation, and then cupulae drag the stereocilia and kinocilia bend. As a result, intricate mechano-electrical transduction induces neural signals to enable the brain to determine the magnitude and direction of the head rotation and to stabilize the gaze through the vestibular ocular reflex (VOR) (1) .
Currently, there is a series of clinical tests for examining the vestibular system function, such as the caloric test (2) , the rotational chair test (RCT) (3) , and the vestibular autorotation test (VAT) (4) . Of these, the RCT and VAT are the most widely used physiological techniques for examining SCC function in clinical practice. In contrast to the caloric test, the RCT and VAT enable examination of the VOR at different frequencies ranging from 0.01 to 0.64 Hz and 2 to 6 Hz, respectively. Both tests provide important diagnosis information in terms of detecting overall function of the bilateral peripheral vestibular system. However, they are unlikely to provide accurate diagnosis in patients with unilateral vestibular hypofunction (5) (6) (7) . Therefore, it is necessary to explore the mechanism underlying the angular motion sensed by three pairs of SCCs simultaneously to gain a better understanding of the clinical phenomena by which the SCCs interact in association with head movements.
Several models have been developed to explore the correlation between vestibular responses and/or neural responses and angular acceleration since the 1920s. For example, SCC fluid mechanics were first simulated by Lorente de Nó (8) . In this model, an expression for transient endolymph flow in response to a step change in head velocity was derived. A classical torsion-pendulum model was developed by Steinhausen (9) to investigate the cupular volume displacement relative to the angular velocity of the head. Since then, several modified torsion-pendulum models and/or improved solution methods have been widely used to investigate the dynamic responses in SCCs to rotational stimulation (10) (11) (12) (13) (14) . So far, both single-canal and three-canal models have been well developed to explore endolymph-cupula interaction during three-dimensional motions of the head. Obrist (15) concluded that the cupular displacement obtained from the torsion-pendulum models is roughly proportional to the head rotation velocity, as well as the nystagmus velocity, and thus, the volume displacement is a good means of expression for cupular dynamics.
In the past decades, the finite element (FE) method has become an alternative approach to investigate the biomechanical behaviors of SCCs, because this method better reflects the physiopathological characteristics and actual structure of the SCCs by providing biomechanical properties and geometrical parameters of the SCCs (16) . Compared to torsion-pendulum models, in FE models, both detailed endolymphatic flow and cupular displacement responses to the head rotation are well developed and characterized (17, 18) . However, evidence shows that the cupular displacement varies in both longitudinal and transverse directions (17) (18) (19) . Such discrepancies were found in the torsion-pendulum models and FE models (i.e., although the direction of the displacements using FE models is the same as the displacements using torsion-pendulum models, both the magnitude and the phase of the displacements are not comparable).
As indicated above, although a series of responses to the head rotation have been simulated and measured, to our best knowledge, until now, there are no agreed-upon mechanical variables used in various models for detecting the angular motion and its mechanism in association with the function of three pairs of SCCs.
In the present study, an FE model of bilateral SCCs was developed. The complex fluid-structural interaction between the endolymph and cupulae was simulated and analyzed during sinusoidal head rotation by calculating the degree of cupular expansion and the cupular deflection. The mechanism of angular motion in association with the function of three pairs of SCCs was also explored.
Materials and Methods

Three-dimensional reconstruction of the bilateral vestibular labyrinth
The dimensions of a healthy adult inner ear membranous labyrinth were extracted from the data reported by Ifediba (20) . Using these data, the pars superior of the membranous labyrinth in the right ear including three SCCs (the horizontal SCC [HC], the anterior SCC [AC], and the posterior SCC [PC], and the utricle was reconstructed using the FE software ANSYS (Ansys Inc., Canonsburg, PA, USA), as shown in Figure 1A . The pars superior in the left ear was also built using the symmetry of human bilateral ears along the sagittal plane ( Figure 1A ). In this model, the thickness of the membranous labyrinth was set to 30 µm (21) , and three ampulla cupulae were assumed to be perpendicular to the longitudinal axis direction. The space surrounding the surface of three cupulae and the membranous labyrinth were filled with endolymph, and the effect of the macula utriculi was not considered. In the present study, the utriculo-endolymphatic valve (UEV) was assumed to stay closed and was incorporated into the surface of the membranous labyrinth due to the fact that it is usually considered to be closed to maintain the normal endolymph volume in the pars superior (22) .
Finite element model development
A sinusoidal horizontal head rotation was utilized to explore the mechanism of angular motion in association with three pairs of SCCs. The FE model of the SCCs was initially developed using the ADINA software (v8.7.1, ADINA R&D Inc.). The endolymph was simulated by using slightly compressible Newtonian fluid, which was divided using tetrahedral fluid elements. For the solid domain, the cupula was modeled using tetrahedral solid elements. However, the surface of the membranous labyrinth and the UEV were modeled using triangular shell elements, characterized as linearly elastic material undergoing large deformation and involving small strain.
A strict grid sensitivity analysis was conducted and reported in our previous study (17) . Finally, a spatial resolution of 100 µm was adopted to discretize the inner ear membranous labyrinth. The material properties used in this study were extracted from previous publications, as shown in Table   1 , except the density of the membranous labyrinth, which was assumed to be the same as that for the cupula. (25) The interaction between the endolymph and all cupulae, as well as the surface of the membranous labyrinth and the UEV, were calculated using the following equations. For the fluid domain, the endolymph flow was calculated using the continuity and momentum equations, respectively:
where ρ f is the endolymph reference density, κ f is the bulk modulus, p is the pressure, t is the time, v is the flow velocity vector, w is the mesh velocity vector, and f B is the body force per unit volume. Regarding the slightly compressible density ρ m and the stress tensor τ, these parameters were calculated using equations (3) and (4): (4) where I is the identity matrix and μ f is the endolymph viscosity. For the solid domain, the motion of all solid structures was calculated using the Navier equation:
In equation (5), ρ s is the density, and d is the displacement vector. The stress tensor σ s was defined as follows: (6) where ε is the strain tensor, and μ and λ are Lamé coefficients, which are related to Young's modulus of elastic E and Poisson's ratio ν, according to the following equations:
At the beginning, the head was assumed to be static and in the upright position. Then, as shown in Figure 1B , a progressive sinusoidal wave was applied in the first two cycles to avoid problems with discontinuity and improve numerical reliability and convergence, followed by Furthermore, to compare the effect of angular velocity to that of angular acceleration on the cupular mechanical responses, the same series of sinusoidal waves were used, but with the maximum angular acceleration of 75 deg/s 2 , as shown in Figure 1C . By using the fine filaments, the surface of the membranous labyrinth was considered to keep pace with the bony labyrinth as well as the head. As a result, intricate interactions between the endolymph and all cupulae occurred due to inertia with wetted coupling interfaces satisfying a balance of traction forces and continuity of velocities and displacements. The fluid and solid equations were eventually coupled to calculate on the basis of the direct solution procedures using the arbitrary Lagrange-Euler (ALE) approach. The time steps at each rotation period were consistently set to 50. At each time step, the convergence tolerance for the velocity and displacement norms was 0.001, and for the fluid-solid surface norm, it was 0.01. The reference value was automatically chosen by the program. As shown in Figure 1A , the relative cupular displacement in the head-fixed coordinate system (xyz), defined to align with the ground-fixed system (XYZ) when the subject is in the upright position prior to movement of the head, was rigorously examined. Both the endolymphatic flow and the relative cupular node displacement were closely examined in our previous report in terms of their verification and reliability (17) . In the present study, the angular motion in association with the three SCCs was characterized by the cupular deflection d c and the degree of cupular expansion Δ and can be defined by equations (9) and (10), respectively:
where t i d and t i V denote the relative centroid displacement and the volume of the i th tetrahedral element at moment t, respectively; t  is the degree of cupular expansion at moment t;
and 0 i V is the volume of the i th tetrahedral element at the beginning of head rotation. A is the area of the middle cross section for the HC cupula, the AC cupula, and the PC cupula, respectively.
Both the degree of cupular expansion and the cupular volumetric deflection were calculated using MATLAB software.
Results
The responses of the degree of cupular expansion to sinusoidal head rotation
When the head made any rotation, three pairs of SCCs in both left and right ears were simultaneously stimulated. Figure   00 sin 2
where A 0 is the amplitude; f is the frequency, which equals the stimulating frequency, α is the initial phase; and k 0 is the intercept.
In this study, the expansion amplitude for the PC cupula was approximately 4 µm, which was about two times greater than those for the HC and AC cupulae. In addition, their phases uniformly led the angular displacement of approximately 15.5 degrees, but they were in the reverse phases to those for both HC and AC cupulae. with the increase of in the frequency. However, there was a plateau at the frequency band between 2 Hz and 4 Hz ( Figure 3A ). In addition, the amplitude of the PC cupula was the strongest at all frequencies, which were approximately two times greater than those of both the HC and AC cupulae. On the other hand, however, their phase only decreased linearly with the increase of frequency ( Figure 3B ). The phase of the HC cupular expansion was equal to those of the AC cupula, but both of them differed by 180 degrees from those of the PC cupula. Hz, respectively, the expansion amplitude of the degree of the three cupulae also increased with the inrease of frequency, with the biggest amplitude occurring in the PC cupula and the smallest in the AC cupula ( Figure 3C ). In addition, the phase characteristics were found to be the same as when an angular acceleration amplitude of 25 deg/s 2 was used ( Figure 3D ).
When the amplitude-frequency and the phase-frequency characteristics of the above two conditions in association with the head rotation were compared, the amplitude ratios of the HC cupular expansion, AC cupular expansion, and PC cupular expansion were constant at 1:0.82:1.62
for any frequency sinusoidal rotation stimulation ( Figure 3E ). Regarding the phase characteristics, the phase differences between the HC cupular expansion and AC cupular expansion were constant at 0, whereas those btween the HC cupular expansion and PC cupular expansion were constant at 180 degrees. Figure 3F further demonstrates that the phase for the HC cupula and AC cupula was the same, but they were out of phase to those of the PC cupula at any frequency of sinusoidal rotation stimulation.
The responses of cupular volumetric deflection to sinusoidal head rotation
As shown in Figure 4 , although they still positively or negatively correlated with the head rotation, the deflection responses of the left HC cupula and right HC cupula were opposite in phase (i.e., when the right HC cupula deflected to the utricle side, the left HC cupula almost equally deflected to the canal side). The same responses were found in the other two pairs of cupulae. In addition, all deflection curves were fitted well to sinusoidal functions, with the amplitude of each pair's cupular deflection equal, according to the following formula:
where A 1 is the amplitude, β is the initial phase, and k 1 is the intercept. Specifically, when the head rotated to the right (i.e., at the positions of t1~t2 and t4~t5, shown in Figure 1B ), the right HC cupula, the right PC cupula, and the left AC cupula produced exciting stimulation, but the other cupulae produced inhabitation stimulation, and vice versa. The defection amplitude for both PC cupulae was approximately 2 µm, which was also about two times greater than those for both the HC and AC cupulae. In the phase analysis, the phases found in the SCCs were not exactly identical to each other (i.e., the cupular deflection of the left HC cupula led to angular displacement of about 10.6 degrees, and those of the right AC cupula and the left PC cupula Hz, and 6 Hz, respectively, the amplitude-frequency characteristics of cupular deflection were extremely similar to those of cupular expansion (i.e., they also increased linearly with the increase of frequency). Similarly, there was a plateau at the frequency band between 2 Hz and 4 Hz, and the amplitude of the PC cupula was the greatest at all frequencies, which were approximately two times greater than those of the other two cupulae at the high frequency band between 2 and 6 Hz ( Figure 5A ). For the phase analysis, the phase generally decreased with the increase of frequency but showed little characteristic tendency. There were larger phase differences at the frequencies of 0.5 to 2 Hz than at the frequencies of 2 to 6 Hz. The HC and PC cupular deflections were in phase, but they were out of phase to the AC cupular deflection.
Furthermore, when the head made a series of sinusoidal rotations with the same angular acceleration of 75 deg/s 2 , but at different frequencies of 0.5 Hz, 1 Hz, 2 Hz, 4 Hz, and 6 Hz, respectively, the amplitude of the three cupular deflections first decreased with the increase of frequency at the frequency band between 0.5 and 2 Hz, and then increased with the increase of frequency at frequency band between 2 and 6 Hz. The largest amplitude occurred in the PC cupula and the smallest one in the AC cupula ( Figure 5C ). In addition, the phase characteristics were found to be the same as when an angular acceleration amplitude of 25 deg/s 2 (Figure 5D ).
When the amplitude-frequency and phase-frequency characteristics of the above two conditions in association with the head rotation were compared, the amplitude ratios among the HC cupular deflection, AC cupular deflection, and PC cupular deflection increased nonlinearly with the increase of frequency, and it tended to a constant of 1:1.2:2.15 for sinusoidal rotation stimulation frequencies larger than 2 Hz (see Figure 5E ). Regarding the phase characteristics, the phase differences between AC cupular deflection and HC cupular deflection and those between PC cupular deflection and HC cupular deflection also nonlinearly increased with the increase of frequency, and they tended to constants of -187 degrees and -11 degrees, respectively, for sinusoidal rotation stimulation frequencies larger than 2 Hz (see Figure 5F ). 
Discussion
In the present study, we fully used the advantages of both the lumped torsion pendulum model and the FE model, and consequently, novel biomechanical analyses were performed using the FE model by calculating the degree of expansion and the deflection of the whole cupula. The advantage of the present model is that it not only ensures that the physical and geometrical parameters of SCCs are as accurate as possible to their physiological condition, but it also measures the cupular responses in association with head rotation as a unique solution to the forced vibration. Therefore, the quantitatve relationship between the head rotation and the mechanical responses of SCCs is established. Essentially, endolymphatic flow would apply two types of pressure on the two sides of the cupula (i.e., the expansion pressure p  and the pressure difference dp ):
12 dp p p 
where 1 p and 2 p are the pressure on the utricle side and the canal side of the cupula, respectively. The cupula generates the responses of the degree of expansion due to the expansion pressure, and it generates deflection responses due to the pressure difference. As a result, it is important to analyze the effect of both the degree of cupular expansion and cupular deflection on the cupular mechano-electrical transduction process at the same time.
In previous studies, cupular deflection was usually considered a mechano-electrical transduction variable. For example, according to Ewald'sⅡlaw, when the head horizontally rotates to the right (at positions of t1~t2 and t4~t5, shown in Figures 1B and 1D) , the endolymph in the right ear would generate ampullopetal flow due to inertia, and the right HC cupula would deflet to the utricle side to generate stimulating signals. In contrast, the left HC cupula would deflect to the canal side to generate inhibited signals, and vice versa. The present results are completely in keeping with Ewald's Ⅱ law (as shown in Figure 4 ).
Theoretically, when the cupula is expanded, the distance between any two points along the longitudinal direction, as well as the distance between the stereocilia and kinocilia, would be elongated, and consequently, it generates stimulating signals for the mechano-electrical transduction process, and vice versa. Therefore, the degree of cupular expansion plays an important role in the cupular mechano-electrical transduction process, although there has been little research until now.
As found in this study, the maximum value of the degree of cupular expansion is approximately two times greater than that of the corresponding cupular deflection (shown in According to the results obtained in this study, when the head rotates to the right, both HC cupulae and both AC cupulae, respectively, expand equivalently, and both PC cupulae are compressed equivalently. As a result, according to the VOR pathway, both the evoked horizontal eye movement and the evoked rotational eye movement are always in a state of equilibrium (see Figure 6 ). For the evoked vertical eye movement, it is assumed that the downward turning resulted from the inward turning and the outward turning of both AC cupulae can balance out the upward turning, and so do both PC cupulae. When the head rotates to the left, the eye movement in all directions can also reach a balance. However, if the balance is destroyed by any abnormalities of inner anatomical structure or function, the balance of the degree of cupular expansion is also damaged, and the final relative eye movement will be the sum of the motion evoked by both the degree of cupular expansion and cupular deflection.
Furthermore, the contribution of the cupular deflection was also analyzed. Based on the results found in this study, when the head rotates to the right, the right HC cupula, the right PC cupula, and the left AC cupula are stimulated unequally, and the other three cupulae are inhibited.
According to the VOR pathway, the left turning driven by the medial rectus (MR) and the right HC cupula is partially counteracted by the right turning driven by the inferior oblique (IO) and the superior oblique (SO); upward turning driven by the IO is also partially counteracted by downward turning driven by the SO, as well as the inward turning and outward turning. Therefore, it can be predicted that when the rotation angle of the left turning for the eyeball reaches a certain level, the movement will stop with the function of both the mechanical force of six ocular muscles and the force produced from the VOR. It might constitute the slow phase of the eye movement, and then the fast phase would occur due to central regulatory. It is worth mentioning that the up or down vertical turning and the outward or inward rotation of the eyeball are actually very small in the normal case when the head undergoes horizontal rotation. However, when the head rotates to the left, the direction of the eye movement is the exact opposite.
In this study, both the degree of cupular expansion and cupular deflection can be expressed as the solution of forced oscillation during head sinusoidal rotation, and both the amplitude and phase can be further expressed as the function of the mass, the stiffness and the damping of the vibration system. Specifically, when the head is subjected to any horizontal sinusoidal head rotation, the following equation applies:
where φ 0 and ϕ 0 are the amplitude and the initial phase of the head rotation, respectively.
Both the degree of the cupular expansion and the cupular deflection can be expressed by formulae (11) and (12), respectively. According to the basic principle of the forced vibration, the amplitude of responses A 0 and A 1 can be uniformly represented by A as follows:
and the initial phase can be expressed by the following equation:
where k, m and c are the stiffness, the mass and the damping of the vibration system (i.e. the SCCs system), respectively.
In fact, the frequency characteristic of the SCC system with respect to sinusoidal head rotation was first discovered in the 1970s by introducing the torsion-pendulum model (26) , and the responses are quantitatively represented by the amplitude, the phase, and the time constants. These eigenvalues are usually used for clinical diagnosis. The forced vibration pattern further demonstrates that our model is reliable. Even so, the FE model presented in this study could not be directly compared to the torsion-pendulum model presented by Fernandez or other models due to the fact that the SCCs are applied with different body positions, rotation axes, and initial phases.
Thus, the function of SCCs can be affected by the mass, the stiffness, and the damping of the SCC system, and then they feed back to the amplitude, the phase, and the symmetry of the eye movements and clinical diagnosis.
The effect of the physical properties on cupular responses can be roughly divided into several aspects according to the forced vibration theory. If something causes the stiffness of the SCC system larger than the normal range, it will lead to both the amplitude and the phase being smaller than the normal range (see equations 16 and 17) , as well as the eye movement, and vice versa.
Similarly, if something causes the mass of the SCC system to be larger than the normal range, both the amplitude and the phase of cupular responses are also smaller than the normal range, as well as the eye movement, and vice versa. If something causes the damping of the SCC system to be larger than the normal range, it will result in the amplitude of the cupular responses to be larger than the normal range, but the phase will become smaller, and vice versa. If the difference is in the normal medical reference range, the vestibular rotational tests cannot indicate any dysfunction of SCCs. Overall, any vestibular disorders might simultaneously affect the above two or three parameters, and the role of the type and severity of the vestibular disease in quantitatively affecting the SCCs' function needs to be further explored.
In addition, the frequency characteristics of the SCC system in response to sinusoidal head rotation can be divided into the frequency characteristics of the degree of cupular expansion and cupular deflection. In general, the frequency characteristic of the degree of cupular expansion is more significant, and not only do the phases of three cupular expansion remain the same or opposite, but the amplitude ratios among them remain constant, and the amplitude ratios of the HC, the AC, and the PC cupular expansion is 1:0.82:1.62. This implies that the degree of cupular expansion is affected by both angular acceleration and angular velocity simultaneously, but their quantitative relationship is probably only related to the spatial orientation among the three SCCs.
From the view of mechanics, the vestibular system can be considered a linearly undamped forced vibration system, and the degree of cupular expansion might only be related to the mass and the rigidity of the three cupulae and the endolymph.
However, regarding the frquency characteristics of cupular deflection, neither the amplitude feature nor the phase feature is significant, especially at the low freqeucny band of 0.5 to 2 Hz but tends to be constant at a higher frequency band between 2 and 6 Hz. The results presented in this study agree with the prediction of Su Haijun (27) . It can be deduced that the amplitude of the responses among the three SCCs is not only related to their spatial orientation, but also might be affected by the other physical properties of the system, such as the mass, the rigidity, or the damping.
For future studies, it seems feasible to further build numerical models by modifying the mass, the rigidity, and the damping characteristics of the SCC system under different abnormal conditions to explore the effects of cupular expansion and deflection on the corresponding nystagmus in association with these pathological vestibular disorders. This would provide useful information contributing to a better understanding of the biomechanical nature underlying vestibular dysfunction. 
Conclusion
